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Abstract—We investigate proton damage in SOl CMOS devices [9]-[11], an analysis technique which can be dated back to the
on UNIBOND using a variety of lateral bipolar operational modes.  early 1960s [12], [13].
We show that the impact of _interface states and_oxide charge_can We propose in this paper a new technique for identifying
be more clearly observed using lateral bipolar action than by using radiation-induced charge by using the collector current char-

normal FET operational characteristics. We also investigate the ra- . fal | biol . d d .
diation-induced interface states at the Si/buried oxide interface and aCteristics of a lateral bipolar transistor, and demonstrate its

oxide charges in the buried oxide of this SOl CMOS technology Utility by applying it to the analysis of proton radiation damage

using the DCIV method. in SOI CMOS devices on UNIBOND. This technique, together
Index Terms—interface states, interface traps, lateral bipolar, With conventionallp — Vizs measurements and direct-current
proton radiation, SOI. current-voltageCIV) measurements [1], provides an effective

toolset for radiation damage probing of advanced transistor

technologies. We also investigate the radiation-induced inter-

face states and oxide trapped charge for the back-gate transistor
T is well known that proton radiation produces botlin SOl CMOS technologies using thBCIV method. The

I displacement and ionization damage in semiconductor deck-gateDCIV spectra (g versus back-gaté’sg curves)

vices. In MOSFET characterization, the subthrestigld- Vs clearly shows the radiation-induced changes in interface states

characteristics are widely used to determine the number aifthe Si/buried oxide interface, as well as fixed oxide charges

interface traps introduced by irradiation, as well as the resultitpped in buried oxide during irradiation and, hence, is very

radiation-induced fixed oxide trapped charges. The inducadeful for diagnostics of irradiated devices.

change of thelp — Vgg characteristics, however, is often

very small, making the identification of radiation-induced

charges difficult, primarily because of the thin gate oxide found IIl. EXPERIMENT

in modern devices. On the other hand, the gate-controlledr. devices were fabricated using Honeywell's Q.85par-
base current/) or gate-diode currerlt/p) can be used 10 {5y depleted SOI technology [14]. The SOI substrate here was
measure the recombination current due to the interface trgpsmed by UNIBOND. The buried oxide thickness was 400 nm.
generated at théi/ S0, interface during fabrication, underrpe gjjicon film thickness was 225 and 215 nm before and after
strless, ?rb.aftxler rad|at_|on, wlhens an MOSFET és d(_)pgratgd ice processing, respectively. Total dose radiation hardening
a latera Ipolar transistor [ ]_.[ ] or as a gate lode (bo the front gates, back gates, and field oxides was accomplished
to sour ce/ drgm) [6]._[8]' Electrical propertles_, of the mterfa_cB appropriate steps in the CMOS process flow. The doping in
traps, including their energy levels and density, can be deriv silicon film is not uniform but averagasx 1017 cm=3. A

from the gate bias dependence of the recombination currel glen* doped polysilicon gate is used. The transistor has a

8 nm thick gate oxide, and a CVD oxide refilled shallow trench.
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E;gé 11'0,0(%)5C5r%3|5r'“s;eEcTt'cx}t}']'%";g; tt?:s?as'c SOIMOSFET structure. (b) Layout -, o ¢ -hematic cross-section of these SOl MOSFETSs is shown
in Fig. 1(a). The body ties of the device cannot be seen in this
two-dimensional view because they are at the two ends of the
front-gate, as shown in Fig. 1(b).

10°° T | | T T
— pre I1l. M EASUREMENT TECHNIQUE
_7 --- 1.3 Mrad
107" = — — 30Mrad .
T In our measurements, the front-gate controllgdalso called
= SOI nFET the “DCIV spectra” [1]) of thent source (emitter)/~ body
107" L WL=10um/0.35um (base)yT drain (collector) lateral BJT for the nFET, apd
/ Vp=50mV source (emitter){~ body (base)/* drain (collector) lateral BJT
I for the pFET(Vsp = Vps = —VpEg), was used to probe the
10-15 ! I l | L recombination current from the interface traps which are dis-
10 -05 00 05 10 15 20 tributed over the front-gate channel region. We also define a
Front Gate Vgg (V) back-gate controlled mode by sweeping the back-gate voltage to

obtain the base curretf;. Because the drain/source junctions
penetrate the entire silicon film in this technology, under this
back-gate controlled mode measurement, the base current can
be also used to measure the recombination current from the in-
An array of SOI nFETs and pFETSs with three different lengtherface traps generated during irradiation (or even fabrication) in
(W/L =10 pm/0.35 pm, 10 pm /0.5 ygm and10 pm/10 um) the back-gate channel region (back-gaV spectra). The col-
were measured before and after radiation. During irradiatidegctor current characteristics of this front-gate controlled lateral
the device terminals were floating, and does not represent thipolar transistor are also used to identify the radiation-induced
worst case bias conditions. charge.

Fig. 2. Front-gate subthreshold characteristics of a 10/0.35 SOI nFET.
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IV. RESULTS AND DISCUSSION very similar behavior in our earlier SOl CMOS investigations
were also seen [14], lending support to our present claims.

The front-gate controlleds curves with a’gg of 0.3 V are

Consider first an SOl MOSFET exposed to 1.3 Mrad argiven in Fig. 4 for the same device shown in Fig. 3. The radia-
3 Mrad radiation levels. The pre- and post-radiation front-gat@n-generated increase 6# gives a direct measure of the sur-
Ip — Vgs characteristics are shown in Fig. 2 for a 10/0.3fce recombination velocity, and the density of the interface
(W/L = 10 ym/0.35 um) nFET. A close inspection showstraps,Nrr, because they are proportional to the maximum of
that the threshold voltage first increases with increasing do#ee radiation-induced\ I [1]. Here,Alp = Ip — Ipr,, Where
and then decreases with further dose. The threshold voltalgs. is theV g independent baseline. The baseline curfgnt
is 0.64 V, 0.65 V, and 0.61 V at pre-radiation, after 1.3 an@hysically comes from electron-hole recombination in the bulk
3 Mrad, respectively. This can be attributed to the combined @d surface traps located outside the p-channel, and hence are
fects of interface traps (which increasés) and oxide trapped not modulated by the gate voltayje s [20] when the channel is
charge (which decreas®g,) [14]. The shift of the subthreshold in accumulation. However, in Fig. 4, the increase of base current
Ip — Vs characteristics, however, is quite small, because with radiation dose in the accumulation region can be clearly ob-
the thin front gate oxide (8 nm in this case). The subthreshai@rved and is attributed to majority carrier tunneling at the p/n
swing is 86.6 mV/decade before radiation and 89.3 mV/decajtéaction perimeter under the gate oxide [20]. With increasing
after 3 Mrad radiation. Furthermore, it is impossible to make argdiation dose, this majority carrier tunneling process increases
meaningful identification of the shift in the subthreshéjsifor because the radiation-induced displacement damage increases
lower front gate voltages, sindg, is below the measurementthe number of defects at the corner of gate and drain (source)
resolution limit(10~'* A). This is unfortunate, since this shiftregions. The pre-radiatiofs peak can only be associated with
gives useful information on the interface trap density for tragbe interface traps introduced during the fabrication of the de-
near the middle of the bandgap. vice itself. A similar increase afz after radiation can also be

Recall that the subthreshold drain current can also be vieweleserved for a 10/0.35 pFET.
as the collector current of the underlying lateral bipolar tran- The density of the interface tragé;; introduced by proton
sistor. The essential difference between this device and a stéf@diation for the 10/0.35 nFET in Fig. 4, can be determined
dard BJT is that the base bias is provided through the gate oxRjethis excess recombination curréit /s peax = (I8,peak —
capacitance [15]. We can therefore increase the drain currentlsy.)) for a single-level trap from (3) [1]

A. Front-Gate Transistor

simply forward-biasing the source-body junction, which pro- AL ~ (aAgniSo qVBE 1
vides a much stronger bipolar action. To better examine the B,peak = 2 P\ SpT @)
properties of the radiation-induced interface charges as a func- T
tion of gate voltage, we measured the collector curignfor So = (5) 70O ¢n Nie- @)
the drain current) as a function of base-emitter voltige (or Therefore
body-source voltage) using the gate-body voltébes) as a AlB peak

. . . . Ny = ) (3)
variable. Typical results are shown in Fig. 3 for the same device ™) oA no® Von
shown in Fig. 2. The collector is grounded and thigg; = 0 V. (%) 4Agnioo®u exp ( 2kT )

Thelc — Vg characteristics are typical of a bipolar transistor In the above equatiory is electron charged, = W x
except at high/z g and highVs g, when the surface is inverted. I, is the gate areagy = 3 x 10~'° cm? is the trap capture
The benefits of such a bipolar operation measurement includeoss-section [201:, is the thermal velocity,; is the intrinsic
1) the net charge at the interface is more easily identified foarrier concentration. The calculatag; is 0.86 x 10° cm~2,
each gate voltage and 2) The interface trap information at lown4 x 10° cm—2 and8.49 x 10° cm~2 for the 10/0.35 nFET
Ve (negativeVg g in this case and hence near the middle dfefore radiation, after 1.3 Mrad radiation and 3 Mrad radiation,
the bandgap) can be obtained, due to the hidheenabled by respectively.
the explicit forwardVp . Fig. 5 shows the channel length normalizid ... versus

In Fig. 3, atVgg = —0.5 V, one can clearly identify a de- dose for 10/0.35, 10/0.5, 10/10 nFETSs having the same channel
crease oflo at 1.3 Mrad, and a subsequent increasdofs width, but different channel lengths. It can be clearly seen that
the radiation dose increases to 3 Mrad. This observation is cdine value of theA I ...k iS channel-length dependent, because
sistent with what one would expect by extrapolating the suthe radiation-induced interface traps are distributed along the
threshold/p — Vs curve to the lowel/; s range. However, the front gate channel. We can also see thatiig ,..x increases
identification from Fig. 3 is direct, and much easier in practicevith radiation dose for each device and has not reached a satu-
At Vgp = 0V, thels at 1.3 Mrad is obviously lower than atration value up to 3 Mrad total dose, which meansnihgis not
pre-radiation, and thé- at 3 Mrad is about the same as at presaturated at the front Si/oxide interface up to 3 Mrad. Itis clearly
radiation. Therefore, we believe that this new technique usisgown that the shorter devices experience a more rapid increase
the collector current characteristics of a lateral bipolar tranf Al peax in Fig. 5 althoughA Ip peax is already normalized
sistor can be used to identify radiation-induced charge cleally channel length. This can be explained by the nonuniform re-
and probe the radiation damage in these SOl CMOS deviagsnbination rate at the Si/oxide interface which is determined
on UNIBOND. While we recognize that the sample size used by the electric field along the p-channel. The shorter the devices
this study is small, and thus potentially problematic in resolvirgye, the stronger their electric fields along the p-channel are and,
the small device parameter changes observed, we point out thais, the more sensitive they are to interface traps. Therefore, the
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shorter devices experience a more rapid increas gf pcax 70 C ]
than in the longer devices. Actually, when the channel length is 60  SOInFET -
small, the whole area underneath the gate cannot be treated as ¢ _s0F WiL=10um/10pm ]
uniform surface for recombination, because of the lateral fields. g_ 40 L Vee=0.3V h
It is plausible that the radiation inducéd, could be different = 3.0 Mrad
laterally. — 30 -

20 r 1.3 Mrad ]
B. Back-Gate Transistor 10 - —

. N ] LN\ I (P
The back-gate controlletiz is measured when the front-gate 0 ——
channel is accumulated (front-gdtgz = —1 V for the nFET -3 -2 -1 0 1 2 3
and front-gatd/z5 = 1 V for the pFET) to minimize recombi- Front Gate Vgs (V)

nation at the Si/front-gate oxide interface. The measugets
then primarily due to recombination at the Si/buried oxide intefig- 7. The front-gat®CIV spectra for a 10/10 nFET.
face or in the silicon film body. The back-gate controllegfor
a 10/10 nFET is shown in Fig. 6 &z = 0.3 V. Three peaks Inthe MOSFET back-gatg, — Vs curves, a nearly parallel
(peak A, peak B, and peak C) can be clearly observed for bathift occurs after radiation, as shown in Fig. 8. Therefore, the
pre- and post-radiation. Note that increases after radiation,dominant charge induced by radiation is oxide trapped charge.
which is attributed to the increase of the number of recombin8urprisingly, no observable degradation of the MOSFET sub-
tion centers due to radiation damage. threshold slope can be identified, despite the strong increase of
The increases of g in Fig. 6 are mainly caused by anback surface recombination. This indicates that the amount of
increase of (back channel) surface recombination insteadobfarges at the interface traps, which is modulated by the gate
bulk recombination, as explained below. First, the back gateltage, is insignificant. A constant slope change is often a re-
voltage dependence &f is too strong to be explained by bulksult of traps with uniform energy distribution, whose effect on
recombinationp varies from 10 pA at 0 W to 400 pA recombination current cannot be easily determined as for single
at its peak. Second, if bulk recombination dominates, thlmergy leveltraps. Previously, on electrically stressed MOSFET,
Ip would decrease monotonicallwith increasing back gate a strong degradation of the subthreshold slope and a strong in-
voltage, because of increasing depletion layer thickness amdase of théCIV recombination current were both observed
hence decreasing neutral base volume available for bulk recddi- This, however, is not true in our case for radiation induced
bination. This is clearly not the case in Fig. 6. The multiple pealamage at the back gate surface. It is conceivable that these ra-
characteristics of 5 as a function of back gaté; 5 can only diation-induced interface traps at the back gaigSiO, inter-
be explained using multiple energy level recombination centdexe act as effective recombination centers, but trap only a small
located at the back channel surface. For further confirmaticamount of carriers.
we compare thép values from back gate voltage sweep to that Unlike the MOSFET subthresholg, — Vs curves, the post-
from front gate voltage sweep. Fig. 7 shows the front-@4E¢V  irradiationDCIV spectra is not a simple shift of the pre-irradia-
spectra with the samEg g of 0.3 V for the same 10/10 nFET. tion DCIV spectra, as shown in Fig. 6. However, the shifts of the
It can be clearly seen that the maximum of the base ling;of voltage position of the peake\V; ) is considerably different
which indicates maximum bulk recombination that occurs withlom the shifts of the back gatg, — Vs curves. At 1.3 Mrad,
an accumulated front gate surface, is about 35 pA. Howevire shifts are 19.5 V for peak A, and 14 V for peaks B and C
the Iz in Fig. 6 is hundreds of pA. This further supports thaih DCIV spectra. The shift of the subthreshdlgl — V5 curve,
the radiation-induced increases b in Fig. 6 are from back however, is 16.8 V at 1.3 Mrad. Given the fact that the shift of
gate surface recombination instead of bulk recombination. thelp — Vs curve is nearly independent & s, we conclude
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that the energy level distribution of interface traps differs be-
tween pre- and post-irradiation. Without a change in the energy B A
level distribution, the change of ti¥CIV spectra would be sim- 100
ilar to the change of thép — Vs 5, except for an increase in the
magnitude oflz.

A logical question is whether the three peaks observed 50~  SOIPFET

. - . . W/L=10pum/10pm
simply indicate that there are three dominant discrete trap —yry
energy levels. To answer this question, we pdE ,eai VErsus
VeE on semilog scales for each peak. The result for peak A 0
is shown in Fig. 9. Theory for a discrete energy level interface
trap predicts thal\Ig pear x exp(¢Vare/nkT), withn = 1
whenVgeg < Veg_gr,n = 2whenVgg > Vgg_gr, and
the transition from: = 1 ton = 2 occurs within 100 mV.

I (PA)

Here Vpg_pr is determined by the trap energy level as -

2Er — Er)/q + [In(cns/cps — 1.4kT/q, with Ex being the = 2 T
trap energy levelE; being the intrinsic Fermi-level, an@,, —  13Mrad

and C,, being the electron and hole capture rate coefficients L 3 Mrad

at this trap energy level [20]. The measured data, however, do 0 | l [ S—
not show this behavior for peak A, either at pre-radiation or -100 -80 -60 -40 -20 0

post-radiation. Instead, the data can be fit using a sindgetor Back Gate Vg (V)

over awide range o¥z . In this casep = 1.82,1.79, 1.75for

pre-radiation, at 1.3 Mrad and 3 Mrad doses, respectively. Ti'ifg
observed dependence strongly suggests that the distribution'o
the interface states (both pre- and post-radiation) is relatively

.10. Back-gat®CIV spectra for a 10/10 pFET: 1) pre-radiation; 2) after
]j\/lrad; and 3) after 3 Mrad.

flat, despite the three noticeable peaks on B@&V spectra. 107 BackGate L L
The shape of the distribution, as discussed above, is changed SOl pFET
considerably after irradiation, because of different shifts for the 107 FwiL=t0um/t0um
different peaks. We also have determined thatsthiactor is - Vo=-S0mV
1.6 for peak B and 2.0 for peak C at pre-radiation, 1.3 Mrad, < 108 |- _
and 3 Mrad doses. =

Different back-gate controlledlz curves can be observed in 100 L N e -- 13Mrad |
Fig. 10 for a 10/10 pFET, both before and after irradiation. There -"II — — 3.0Mrad
are only two observable peaks (noted as peak A and peak B) 12 ol
and peak A is much sharper than any peaks observed in the 10 0 20 -40 -60 -80 100
back-gateDCIV spectra of the nFETs as shown in Fig. 6. This Back Gate Vs (V)

suggests a more concentrated interface state distribution (in the

bandgap) than for the nFET. At 1.3 Mrad, the — Vs shift  Fig. 11. Back-gate subthreshold characteristics of a 10/10 pFET before and
is —10.3 V, as shown in Fig. 11. The shifts in peak A and Bfter radiation.

however, are-15.5 and-10.0 V. This clearly indicates that the

energy distribution of the interface traps has changed after irtzefore radiation. However, with increasing radiation dose, the
diation, for reasons similar to that in the nFET case. It is aldg ,..x Of peak A increases quickly and exceeds that of peak
clearly shown thaf .. Of peak B equals to that of peak AB at 1.3 Mrad radiation. This suggests that radiation-induced
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our new technique, while promising, will require additional ex-
periments to ensure full validation, and that work is at present
underway.
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